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Abstract – Ultracold neutrons (UCN) have been produced using the cold neutron (CN) beam
FUNSPIN at SINQ on cryogenic oxygen (O2), tetradeuteromethane (C
2H4), and deuterium (
2H2)
targets. The target cell (40mm long, ﬁducial volume about 45 cm3) was operated between room
temperature and 8K and UCN were produced from gaseous, liquid and solid targets. UCN rates
have been measured as a convolution of UCN production and transport out of the target and
to the detector. At least within the accessible temperature range of this experiment, deuterium
outperforms the other materials.
Introduction. – Eﬀorts are underway worldwide
to improve on the intensity and density of ultracold
neutrons available to fundamental physics experiments1.
The main two avenues use cold neutrons as an input
onto a cryogenic converter, either superﬂuid helium [2] or
solid ortho-deuterium [3]. Some ground-breaking work,
demonstrating the potential of solid deuterium has been
reported in [4–9]. In connection with the construction
of a powerful deuterium-based UCN source at PSI, an
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PNPI Gatchina, ILL Grenoble, RCNP Osaka, Mainz University, TU
Munich, NC State University, TRIUMF and J-PARC.
extensive R&D program was pursued for the investigation
of the relevant UCN source physics [10–16]. While diﬀer-
ent converter materials have been tested in the early days
of UCN physics (see [17] for some history and references
to the original work), the use of solid oxygen and solid
tetradeuteromethane as potentially powerful UCN conver-
ters has been proposed only recently [18,19].
A UCN converter should provide a large cross-section
for neutron “down-scattering” to lower energies, while
at the same time “up-scattering” and absorption should
be small or suppressed. While the down-scattering is
governed by the available density of states, the up-
scattering is aﬀected by the actual population of excited
states in a converter. This population at low temperatures
is suppressed by the Boltzmann factor. It is usually helpful
to characterize the properties of the converter by the
UCN production rate R (dependent on the incoming
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neutron energy spectrum) and the UCN lifetime τ inside
the converter material, such that the product with an
incident cold neutron ﬂux φ results in the equilibrium
UCN density ρUCN inside the converter: ρUCN =Rφτ .
For deuterium R∼ 10−8 cm−1 has been calculated [3] and
measured [11], while τ is limited to about 150ms due
to the unavoidable absorption of neutrons on deuterons.
Practically, τ ∼ 40ms [7] has been achieved experimentally
so far, limited mostly by thermal and para up-scattering.
For superﬂuid helium, the production rate has also been
calculated [2] and measured [20] and, for a typical cold
neutron beam spectrum, is about 1 order of magnitude
lower than for deuterium, but τ ∼ 900 s (corresponding to
the free neutron lifetime) can in principle be obtained in
pure superﬂuid 4He.
For good UCN production performance, low-loss mate-
rials (large τ) and systems with suitable down-scattering
properties (large R) are required. The two novel cryo-
genic converter materials investigated in this work could
fulﬁll these criteria. The absorption cross-sections of the
constituent nuclei are relatively small (σOabs ∼ 0.2mb and
σCabs ∼ 3.5mb leading to unavoidable loss rates due to
absorption of about 1/400ms−1 for O2 and 1/40ms−1 for
C2H4) while the down-scattering could potentially make
use of many more low-lying molecular states (for the case
of C2H4) or the excitation of spin waves (for the case of
O2 in the antiferromagnetic α-phase). Contrary to the
situation with superﬂuid helium and deuterium, where
theoretical estimates were available at the time of the
experiments, no conclusive predictions for the UCN
production rates of O2 and C
2H4 exist to date.
Experiment. – The aim of this work was to test
the UCN production performance of O2 and C
2H4 in
comparison with 2H2 (para-
2H2 fraction 2%, compare [21].
A low para content is essential for the suppresion of
UCN up-scattering, see [6,7,22]). The experiment was
performed on the CN beam line for fundamental physics
(FUNSPIN) [23] at the Swiss spallation neutron source
SINQ. A schematic diagram of the experimental setup is
displayed in ﬁg. 1. The cryogenic and UCN parts were
similar to the ones employed in [11], using the same gas
system, cryogenic target (150μm thin Al neutron beam
windows, Ni coated on the inside of the CN entrance,
see also [21]), UCN detector and UCN guide system with
only minor modiﬁcations. The relevant changes in the
setup as compared to [11] were the use of a diﬀerent
ﬁrst UCN mirror (an Al foil coated with diamond-like
carbon) and a time-of-ﬂight (TOF) system for CN behind
the ﬁrst UCN mirror. Typical resolutions of the TOF
system were 1–5%. After passing a 38 mm aperture and
a 125μm Zr vacuum window, CN from the FUNSPIN
beam entered the 40mm long target. Downstream of the
target, a UCN guide system (Ni-coated stainless steel
and Be-coated glass) was mounted in which after roughly
0.6m a ﬁrst mirror separated UCN (and some very cold
neutrons, see [11]) from the CN beam by reﬂecting them
Fig. 1: (Colour on-line) The schematical setup (not to scale):
the CN beam (for the incoming CN ﬂux see ﬁg. 2 in [13])
comes along a ﬂight tube and hits the cryogenic target. Behind
the target, UCN are reﬂected upwards by a mirror which is
transparent for CN. The major part of the CN beam is dumped
behind the mirror while the central fraction passes to the time-
of-ﬂight detection system. The UCN are simultaneously guided
away from the CN beam axis to a well-shielded UCN detector
(compare [11]).
upwards. The UCN were again reﬂected by 90◦ by a
second mirror at about 1m height into a horizontal
guide section perpendicular to the axis of the incident
beam; this helped to further ﬁlter the UCN spectrum
and reduced beam-induced background in the detector
system. UCN passed the 1.4m long horizontal section and
fell by about 1m into a well-shielded 3He gas detector.
In order to reach the TOF system, CN passed through
the UCN mirror (100μm Al with diamond-like carbon
coating), a 10mm hole in the attached 6LiF beam dump
and a 100μm Al vacuum exit window. The TOF system
had a total ﬂight path of 2830mm and consisted of a
one-disc-one-slit chopper (operated in air at 25Hz and
about 1/300 open to close ratio), a ﬂight tube ﬂushed
with He to reduce neutron losses (2.5m length, 16μm Al
entrance and exit windows), and a “thin” CN detector
(the same as used in [23]). “Thin” refers to a small
amount of 3He in the counting gas which should result
in a 1/v dependence of the detector eﬃciency on CN
velocity v. The TOF system was used to monitor the CN
beam intensity and spectrum. It also allowed measurement
of the energy-dependent CN attenuation for various target
conditions from which one can calculate total scattering
cross-sections. These CN data have already been published
in [16]. The produced UCN (in ﬂow-through mode: both
UCN shutters open) and transmitted CN have been
detected for gaseous, liquid, and solid phases of 2H2, O2,
and C2H4 at various temperatures. The information about
temperatures of phase transitions have been collected in
table 1.
Results and data analysis. – The data analysis
follows the method used in [11] (for the measurements
in the ﬂow-through mode) with some modiﬁcation due to,
e.g., a diﬀerent normalization. Most notably, to determine
the UCN production rates, Im, in the sample, the number











Table 1: Properties of 2H2, O2 and C
2H4: temperatures (K)
of phase transitions and neutron optical potentials VF (Fermi
potentials) of the solids.
2H2 C
2H4 O2
Boiling point 23.5 112 90.2
Melting point 18.7 89.9 54.8
27.1< I< 89.9 43.8< γ < 54.4
Solid Phases 22.1< II< 27.1 23.9<β < 43.8
III< 22.1 α< 23.9
VF (neV) ∼100 ∼177 ∼87
Fig. 2: (Colour on-line) The measured UCN production rates
Im for
2H2, O2 and C
2H4 as a function of temperature of the
cell. These rates are the detected UCN background corrected
and normalized to the simultaneously detected, transmitted
through the sample CN. The values shown in the ﬁgure are
normalised to the measured UCN production rate for solid
2H2 at 8K which is (1.76± 0.08) ×10−4 detected UCN per
detected CN. This corresponds to 350± 33 detected UCN
per C−1. The contribution of very cold neutrons (>250 neV)
in the UCN spectrum, measured for the gaseous samples is
25± 5%.
CN counts, NCN , measured at the same time:
Im = (NUCN −Nb)/NCN , (1)
where Nb is the background UCN rate measured with
empty target. The rates Im are shown in ﬁg. 2 for
2H2,
C2H4, and O2 as a function of temperature. The rates Im
are the convolution of: i) the down-scattering cross-section
in the material σCN→UCN , ii) the extraction eﬃciency εe,
iii) the transport eﬃciency εt which can be determined
from the simulation. Since here the intention is to compare
the UCN production in diﬀerent materials, there is no need
to determine the UCN production cross-sections as was
done for 2H2 in [11]. However, we have to take into account
various transport eﬃciencies of the UCN spectrometer due
Fig. 3: (Colour on-line) The pictures of solid O2 at diﬀerent
temperatures. From left: O2 during solidiﬁcation at 50K, at
43K, at 8K illuminated with white light (the light is coming
from a torch placed on the opposite side of the cell). The
crystals are opaque and it is diﬃcult to see what the structure
is inside.
Fig. 4: (Colour on-line) The comparison of the transparencies
of a 2H2 crystal grown from the liquid (at 18K, the picture on
the left) and grown from the gas phase (at 12K, the picture on
the right). The detailed information about 2H2 crystals growing
can be found in [24,25].
to diﬀerent optical potentials of the investigated materials.
The eﬃciencies εt are obtained by simulations carried
out using the GEANT4 UCN-Monte Carlo code [26],
which tracks UCN through a detailed model of the UCN
spectrometer system.
The extraction eﬃciencies εe may in principle diﬀer due
to i) diﬀerent elastic scattering and ii) diﬀerent UCN life-
times in the cryogenic solids. Ad-i): In a previous experi-
ment we have shown that the scattering of UCN in 2H2 can
be severely inﬂuenced by the preparation and treatment
of the crystal [12,24]. The information about the crystal
quality is thus important and we have used optical inspec-
tion of the crystals to check the amount of the material in
the target cell and to observe the quality of the crystals.
Some example pictures of solid O2,
2H2, and C
2H4 are
shown in ﬁgs. 3, 4 and 5. Additionally we have measured











Fig. 5: (Colour on-line) The pictures of solid C2H4 at 22K.
The pictures have been taken with diﬀerent focus, the picture
on the right shows the structure on the surface and the one on
the left inside the crystal.
data are used to normalize the UCN counts) which allows
an estimation for the strength of elastic scattering in the
CN energy region. Knowing the eﬀect diﬀerent UCN elas-
tic scattering can have on the UCN yield measured in an
experiment, we have set up our apparatus to be less sensi-
tive to this scattering (see below). It was demonstrated
experimentally that in the present setup the extraction
of UCN from diﬀerently treated 2H2 solids is the same
within statistical error of ∼10% [11]. The UCN extraction
from the target is strongly inﬂuenced by the solid angle
of the capturing UCN guide behind the target. There-
fore, in one extreme case with no elastic scattering, the
last downstream millimeters of the target contribute the
most although the least CN interactions occur in this
region. In the other extreme, with strong elastic scatter-
ing, the transparency of the crystal is reduced and less
UCN are initially produced in the relevant downstream
part of the target. However, UCN from the higher-CN-
intensity entrance region of the target diﬀuse more eﬀec-
tively towards the end of the target. Simulations have
shown that these eﬀects eﬀectively cancel. Ad-ii): For 2H2
the UCN lifetime in the solid at 8K is suﬃciently long to
not inﬂuence the extraction. For C2H4 and O2 dedicated
measurements should be performed. However, the temper-
ature dependence of Im (see ﬁg. 2) is ﬂat for O2 and ﬂat-
tening at low temperature for C2H4 and conﬁrms that the
UCN lifetimes in the solid do not strongly inﬂuence εe.
We thus conclude from i) and ii) that εe is essentially the
same for the three materials at low temperature and can be
neglected here. Therefore, we correct the measured UCN
production rates Im only for the transport eﬃciencies. We
introduce the function T (v) to include the dependence of
the average UCN production cross-section σ¯(vf ) on the
ﬁnal neutron velocity vf , σ¯(vf ) = σ¯
CN→UCNf(vf ) where,
Fig. 6: (Colour on-line) The simulated transport eﬃciencies for
solid 2H2, O2 and C
2H4 inside the material. The simulation
takes into account the Fermi potential of the materials.
f(v)∼ v2, so that
T (v) = f(v)εt(v) (2)
with the normalization condition
∫ v2
v1
f(v) dv= 1, (3)
where v1 and v2 are the velocities in the target material
that lead to UCN storable in the bottle (<250 neV). The
distributions T (v) for solid 2H2, C
2H4 and O2 are shown
in ﬁg. 6. To calculate the correction factors, functions
T (v) are integrated over the neutron velocity range that
contributes to the UCN stored in the bottle. For solid
2H2 (VF ∼ 100 neV [14]) the neutron velocity lies in the
velocity range 0 to 6.8m/s (corresponding to the energy




T (v)2H2 dv= 0.039. (4)
In case of solid C2H4 at 8K with the optical potential VF
of 177 neV the corresponding neutron velocity range is 0




T (v)C2H4 dv= 0.031. (5)
Solid O2 at 8K has VF = 87neV and thus the velocity




T (v)O2 dv= 0.041. (6)
The corrected UCN rates Ic (corresponding to relative
production cross-sections) are calculated using











Fig. 7: (Colour on-line) The UCN production rates Ic for solid
2H2, solid O2 and solid C
2H4. These rates are corrected for the
transport eﬃciency (see ﬁg. 6) measured UCN rates Im. The
assumption made here is that the UCN extraction eﬃciencies
are the same for all three materials.
Table 2: UCN production rates Ic for solid
2H2, O2 and C
2H4
at 8K, corrected for the transport eﬃciency. The rates are






and are shown in ﬁg. 7 and for 8K solids collected in
table 2.
Conclusions. – The results obtained show that the
UCN production rate at 8K is the highest for solid 2H2.
The UCN production rate for solid C2H4 is 25% lower
and for solid O2 at 8.0K the rate is six times smaller.
The low UCN production rate for solid O2 might be
explained by the lack of magnetic structure (spin waves)
in the crystals grown. In this case, the only possible chan-
nel for UCN production would be via phonon excita-
tions. Comparing the calculated UCN densities produced
in solid 2H2 and O2 (see ﬁg. 7 in [18]), one can notice
that the UCN density in solid O2 without magnon exci-
tations is about 6–7 times lower than for solid 2H2.
Important new insight from neutron scattering on solid
O2 [27] conﬁrms that magnons do not contribute signif-
icantly under our conditions. It is possible that the CN
scattering data do not compensate fully for the elastic
scattering inside the crystal. The CN might not be sensi-
tive to the damages of the crystal that are visible in the
UCN energy region. The oxygen crystals grown in the
experiment were opaque and the new research presented
in [28] show that the optical transparency is minimizing
the UCN loss. Other dedicated experiments (e.g., inves-
tigating the transmission of UCN through the samples)
are thus very important to understand the performance of
oxygen as well as tetradeueromethane as UCN converters.
In real UCN sources also other issues emerge due to high
radiation, limited heat conductivity and thermal capac-
ity of converters. Molecular carbon-containing modera-
tors, for instance, encounter signiﬁcant diﬃculties in use
at high-power steady state or pulsed neutron sources by
radiation damage leading to destruction and polymeriza-
tion [29]. Solid 2H2 is much less aﬀected by radiation heat-
ing compared to the heavier elements and thus it is better
suited for high power sources, such as at PSI, compare
also [30].
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